Cone-rod dystrophies are inherited retinal dystrophies that are characterized by progressive degeneration of cones and rods, causing an early decrease in central visual acuity and colour vision defects, followed by loss of peripheral vision in adolescence or early adult life. Both genetic and clinical heterogeneity are well known. In a family with autosomal recessive cone-rod dystrophy, genetic analyses comprising genome scan with microsatellite markers, fine mapping and candidate gene approach resulted in the identification of a homozygous missense GUCY2D mutation. This is the first GUCY2D mutation associated with autosomal recessive cone-rod dystrophy rather than Leber's congenital amaurosis (LCA), a severe disease leading to childhood blindness. This study hence establishes GUCY2D, which is a common cause for both recessive LCA and dominant cone-rod dystrophy, as a good candidate for autosomal recessive cone-rod dystrophy.
INTRODUCTION
Cone dystrophies (CODs) are a group of inherited pigmentary retinopathies that are characterized by degeneration of cones, causing an early decrease in visual acuity and colour vision in adolescence or early adult life. In many cases, the progressive nature of the clinical course reflects the peripheral vision loss, indicating rod degeneration. This may cause severe nyctalopia, and the condition is then called cone-rod dystrophy (CORD) (reviewed in Moore 1 In this study, we have ascertained a consanguineous family with autosomal recessive CORD. Whole genome linkage analysis and fine mapping studies identified the sole homozygosity region on chromosome 17p13.3. GUCY2D, residing in this region, was selected as a strong candidate gene, because GUCY2D mutations have been reported as a frequent cause for both autosomal dominant CORD 5, 6 (CORD6 (MIM 601777)) and Leber's congenital amaurosis 7, 8 (LCA1 (MIM 204000)), which is typically a recessive condition. Indeed, we identified a novel recessive GUCY2D mutation in the family. This is the first recessive GUCY2D mutation associated with an autosomal recessive form of CORD rather than LCA.
MATERIALS AND METHODS Subjects
A consanguineous Turkish family having six members afflicted with an autosomal recessive form of CORD was available for study ( Figure 1 ). Blood samples for seven individuals were kindly provided by Dr Davut Gul at Gulhane Military Academy of Medicine in Ankara, and an additional seven samples plus repeated samples for affected individuals (patients 409, 507 and 509) were obtained later by the authors. DNA was extracted from whole blood using the salting out method with ammonium acetate. The study was approved by Bogaziçi University Committee on Research with Human Participants.
Detailed ophthalmologic examinations, including visual acuities, biomicroscopy, intraocular pressures and fundus examination after pupil dilation by mydriatics, were conducted on all patients. Fundus colour pictures were taken with Topcon Imagenet System. Electroretinography (ERG) and electrooculography (EOG) were performed using TOMEY EP 1000 Pro (Erlangen, Germany). ERG was performed and interpreted by the guidelines provided by the International Society for Clinical Electrophysiology of Vision (ISCEV). It was recorded after 20 min of full dark adaptation. Colour vision was tested by Ishihara Colour Blindness Test.
Molecular genetic studies
Genotyping and statistical analyses. A genome scan for 12 members of the family was performed at NHLBI (National Heart, Lung and Blood Institute) Mammalian Genotyping Service (Contract Number HV48141) using Marshfield Screen Set 16. 9 The set contained 402 polymorphic microsatellite markers that spanned autosomes and sex chromosomes with an average density of 10 cM. The results of the genome scan were obtained in the LINKAGE file format and analyzed under the model of recessive inheritance, full penetrance and a disease gene frequency of one in 10 000. Software package easyLINK-AGE 10 was used for detecting and removing Mendelian inconsistencies (PedCheck), 11 calculating two-point (SuperLink) and multipoint (SimWalk2) lod scores and constructing haplotypes (SimWalk2). 12 The only suggestive locus 17p13.3 was further analyzed in our laboratory using 10 additional markers and also including two additional family members (Figure 1 ).
Mutational analyses. All coding exons and flanking sequences of GUCY2D (reference sequence: NM_000180.3) were analyzed for mutations, at least 20 nucleotides into introns. Intronic primers were designed using software Primer3 13 accessed through the Biology WorkBench website (http://workbench.sdsc.edu), and genome uniqueness was ascertained by in silico PCR (UCSC Genome Browser website, http://genome.ucsc.edu). Primer sequences and PCR conditions are available upon request. The amplified gene fragments were subjected to single-strand conformational polymorphism (SSCP) analysis and DNA sequencing as detailed elsewhere. 14 Screening the family members and the population control group for the identified GUCY2D mutation c.2846T4C was performed by either SSCP analysis or high-resolution melting curve analysis in LightCycler 480 system (Roche Applied Science, Penzberg, Germany). Figure 1 Partial pedigree diagram and haplotypes at 17p13.3-p11.2. Disease haplotype is boxed. Deduced alleles are in italics. DNA available for the genome scan is marked with a plus sign, and DNA available later is marked with an asterisk.
RESULTS
All six patients (31-70 years old) in the family were clinically investigated, and the disease was diagnosed as CORD according to clinical manifestations and electrophysiological findings that are summarized in Table 1 . Dramatically reduced visual acuity, dyschromatopsia and nyctalopia observed in all affected individuals, together with variable presentation of photophobia, bone spicule formation, retinal vessel attenuation, retinal degeneration, macular and chorioretinal atrophy with decreased cone and rod responses during ERG, fulfilled the diagnostic criteria for CORD. 2 EOG results were variable: in two patients they were below normal in both eyes and in the eldest patient above normal in both eyes. None of the patients was blind at birth, but they had reduced but stable vision loss according to family history. Patient 409 complained of progressive vision loss after the age of 60. Colour fundus and cone and rod ERG pictures of selected cases are presented in Figure 2 .
Genetic findings
Genome-wide multipoint lod score analysis of the initial genotyping data assuming autosomal recessive inheritance and full penetrance yielded a single locus at chromosome 17p13.3 with a significant lod score of 4.23. Additional genotyping with 10 markers in all family members refined the gene locus to a 5.34-Mb interval between markers D17S1828 and D17S1791 (Figure 1) , with maximum twopoint and multipoint lod scores of 4.57 and 5.48, respectively (Table 2 and Figure 3 ). Crossover events in two regions, two recent ones around D17S559 in patients 509 and 511 and an ancestral one between D17S1844 and D17S1791, delineated the borders of the maximum homozygosity region. The haplotype data indicated identity by descent for the haplotype associated with the disease gene in the affected individuals. Among the 198 genes (NCBI Build 36.3) residing at this gene locus, GUCY2D was selected as a promising candidate and screened for mutations. All six affected individuals were found homozygous for a T4C transition in exon 15 (Figure 4 ), which segregated with the ocular phenotypes in the pedigree.
At the protein level, mutation c.2846T4C leads to the substitution of strongly hydrophobic isoleucine with polar threonine (p.Ile949Thr) in the catalytic domain (Figure 5a ). Isoleucine at position 949 is highly conserved across species, with a rare replacement involving methionine in zebrafish (Figure 5b ). This substitution was not detected in 186 control chromosomes screened, which corresponded to a power of 80% to detect a normal sequence variant with a frequency of 0.01. 15 In addition, the substitution was predicted to be damaging by programs SIFT (sorting intolerant from tolerant, http://sift.jcvi.org/) and SNPs3D (http://www.snps3d.org/).
DISCUSSION
Using whole genome linkage analysis followed by a positional candidate gene approach, we identified GUCY2D, encoding retina-specific guanylyl cyclase (retGC), as a causative recessive gene for autosomal recessive CORD. Recessive GUCY2D mutations have been previously associated with LCA, which is the most severe form of inherited retinopathies and a common cause of childhood blindness. This study links for the first time a recessive GUCY2D mutation with a new phenotype, CORD. In this gene, CORD has been associated with only dominant mutations so far.
The differential diagnosis of LCA and CORD is often not difficult. Total blindness or severely impaired visual function detected at birth or during early infancy, normal fundus and extinguished ERG are the key diagnostic findings for LCA (clinical manifestations reviewed in Allikmets 16 and Hanein et al 17 ). However, an early decrease in visual acuity with frequent dyschromatopsia, followed by progressive peripheral visual field deficits, which are called scotoma, are the main clinical entities of CORD. The six patients presented in this study, who had reduced but stable vision in adulthood, fulfil these diagnostic criteria for CORD (Table 1) . Unlike LCA, they had subnormal but detectable ERG with the following abnormal fundus findings: pigment epithelial alterations were initially seen at the macular region and later noticed at the peripheral retina, sparing however the midperipheral retina, in which chorioretinal atrophy and bone spicule formation could be observed (Figure 2a and b) . In this study we identified a novel GUCY2D variant c.2846T4C; p.Ile949Thr that segregated with the ocular phenotype in the pedigree. We assessed that it was a mutation, as this change was absent in control chromosomes tested and the residue was evolutionarily conserved. In a theoretical model for the catalytic domain of retGC 18 based on the crystal structure of the catalytic domain of type II adenylyl cyclase, 19 949-isoleucine is positioned within an a-helical region on the outer surface. The substitution of isoleucine, which is the most hydrophobic residue, with polar threonine in this region would be expected to interfere with the proper folding of the helical segment, affecting the function of the catalytic domain. A   1  20  19  18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2   509  408 508  405  507  501  407  404  C2  C1  C4  C3  406  303  412  409  514  513 However, we propose that p.Ile949Thr does not abolish but only decreases the enzymatic activity, based on the extensive in vitro studies involving functional consequences of LCA missense mutations positioned in the catalytic domain of retGC. 20, 21 Those missense mutations were all shown to be null alleles that dramatically impaired the catalytic activity and thus led to a severe phenotype, similar to the ones caused by truncating mutations that almost make up half of all GUCY2D mutations. 7, 17 In all, 12% of all LCA types 8 and up to 40% of dominant CORD 6 are caused by defects in GUCY2D, an important component in the recovery process of phototransduction in the vertebrate retina. Almost all CORD6 mutations (all with dominant effect) are confined to three consecutive codons in exon 13 encoding part of the dimerization domain of retGC. 6 Recessive GUCY2D mutations causing LCA1, in contrast, are distributed throughout the remaining exons. 7 Mutation p.Ile949Thr identified in this study contrasts with the published results in the sense that (1) it resides in the catalytic domain but pathogenic in the homozygous state only, (2) it leads to recessive and not dominant CORD and (3) in homozygous state, it does not lead to LCA. Our finding establishes that recessive CORD can result from GUCY2D mutations, and we suggest screening of this gene for families afflicted with the recessive form of this group of disorders. This report is not only expected to benefit genetic diagnosis in families with CORD, but it also raises a caution against excluding known dominant CORD genes in families with recessive inheritance. 
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